Pleistocene sediment cores taken from the NE Atlantic, between 40 ø and 60øN. The MSbased correlation depends on regionally consistent patterns of variation in the deposition of ice-rafted detritus (IRD) in response to Pleistocene glaciations, and especially to highfrequency ice-rafting episodes referred to in recent studies as "Heinrich events." The sedimentological and rock-magnetic basis for the apparent relationship between the MS signal and IRD contern of NE Atlamic sedimems is examined by (1) comparing the MS profiles of selected cores with their records of coarse fraction (> 150/xm) lithic fragment abundance and Neogloboquadrina pachyderma (sin) percentages, and (2) normalizing MS by expressing it both on a carbonate-free basis, and as a quotient with anhysteretic remanent magnetization (a parameter sensitive to magnetic mineral grain size variations). These comparisons show that variations in bulk-sediment MS are only partly driven by simple carbonate dilution (_+ productivity and dissolution) effects. Changes in both the concentration and grain size of magnetic minerals within the lithogenic noncarbonate fraction also impose a significant influence on bulk MS values. In particular, horizons rich in IRD are associated with significant increases in the relative proportion of coarse grained (multidomain) ferrimagnetic particles in the sediment. This is because ice-rafting, in contrast to most other mechanisms capable of transporting detrital magnetic minerals to pelagic environmeres, has a high potemial for delivering large ferrimagnetic grains as components of sand-sized, polycrystalline lithic fragments. This fundamental linkage between the IRD content and MS signal of NE Atlantic sediments is used to reconstruct the patterns of variation in IRD deposition and, by inference, surface currents of the last glacial maximum (LGM, -• 18-19 ka) relative to the presem-day NE Atlamic, using the time-slice mapping approach developed by the CLIMAP project group. Our LGM/Holocene MS ratio map, based on sample pairs from over 80 deep-sea cores, confu-ms that there was a weak, cyclonic gyre north of the polar front in the LGM North Atlantic. The gyre comprised a sluggish warm current in the NE Atlantic flowing north between latitudes 47 ø and 62 øN, partly fed by subtropical waters from south of the polar from, and carrying large numbers of icebergs derived from several sources, most of which melted between Latitudes 45 ø and 52øN. The warm current probably continued its flow into the Iceland Basin, where it fed into a south-flowing current which transported melting icebergs from Iceland and Scandinavia along the western flank of the Reykjanes Ridge.
Introduction
In a study which set out to refute theories linking climatic change to secular variation of the earth's magnetic field, Kent [1982] demonstrated that the intensity of natural remanent magnetization (NRM) of deep-sea sediments, like magnetic susceptibility (MS) and other rock-magnetic properties, varies mainly according to changes in lithology. That lithological variations of late Cenozoic deep-sea sediments may be climatically controlled is well established [Robinson, 1986b] . All remaining time-slice samples were provided by R. Chester, University of Liverpool, and were obtained for a study by Zimmerman [1982] which was based largely on the same cores, and sampling horizons, as were used by the CLIMAP project . Mass-specific MS measurements of these samples were made on air-dried, disaggregated powders.
Magnetic Susceptibility Measurements
Whole-core measurements of volume magnetic susceptibility (g) were made using a Bartington Instruments' hand-held ferrite-probe (F-probe) type MS2 sensor connected to a standard, Bartington MS2 meter, also used later for discrete sample measurements of mass-specific MS (X). The Bartington MS system is based on the principle used in metal detectors [Lancaster, 1966] , and is described in more detail by Robinson [ 1990 Robinson [ , 1993 . The F-probe sensor was designed specifically for logging MS variations of sedimentary sections or soils in the field, but can be used to measure split-core sections in core repositories. The spatial resolution of this instrument (--• 1.5 cm) is much higher than that of the pass-through loop-type of MS sensor generally used for whole-round core logging on-board ship (e.g., by the ODP), and individual measurements can be more accurately driftcorrected by taking background readings in between core measurements. The signal-to-noise ratio of the F-probe sensor is approximately lx10 '6 dimensionless S.I. units (or lx10 -7 c.g.s. units, nominally G.Oe%m -3) when used in standard, rapid scanning mode. For measurements made core repositories, however, it is possible to improve the noise level by one order of magnitude, by switching the Bartington meter to the sensitivity range designed for discrete sample measurements of mass-specific MS. Variations in whole-core volume MS (g) are controlled by the concentration, mineralogy and grain size (domain configuration) of magnetic minerals in the sediment (usually present only in trace quantities in most pelagic sediments, i.e., < 0.1 per mil); by the concentration and type of paramagnetic (Fe 2 +, Fe 3+, and Mn 2+ bearing) clay, or labile minerals in the sediment when magnetic mineral concentration is very low (i.e., < 0.01 per mil); and by the void ratio of the sediment.
Laboratory-based measurements of mass-specific MS (X) were made on dried, disaggregated samples packed firmly into 10 cm 3 cylindrical plastic sample holders, and weighed to 0.001 g. Measurements of X were made with a Bartington Instruments' discrete sample solenoid-type MS2 sensor, calibrated to measure 10 cm 3 cylindrical smnples, and connected to the same Bartington MS2 meter as used earlier for WCMS measurements. The calibration-volume sample MS values are simply expressed per unit mass of dry sediment. For discrete sample X measurements, the Bartington system has a noise level of about lx10 '9 S.I. units [Weaver, 1983] . Numbered MS peaks are correlative and correspond to regional ice-rafting episodes, as identified by Heinrich [1988] in cores from the Dreizack Seamount area (see Figure 1) . MS data from horizons rich in local volcanic ash (tephra from the Azores, or seamounts within the King's Trough Flank area) are not plotted. The MS signal of these horizons is much stronger than that of the ambient glacial sediment, and would be deflected off scale in this figure.
those noted above for whole-core volume MS, except that instead of void ratio, the rational basis of the parameter is the average specific gravity (not the dry bulk density) of the sediment.
Anhysteretic Magnetic Remanence (ARM) and the MS/ARM Quotient
Measurements of anhysteretic remanent magnetization (ARM) were made on samples from two cores in this study, S8-89-4 and D9812, in order to illuminate variations, if any, in the grain size of magnetic mineral components within the sediment. Such variations may impose a secondary influence on the MS of samples, the principal influence being the concentration of magnetic (especially ferrimagnetic) minerals. Since both ARM and MS are partially dependent on magnetic mineral concernration, this common factor may be normalized by expressing the two magnetic parameters in the form of a quotient, which thus reflects variations in the secondary influences on the response of ARM and MS to sample magnetic assemblages.
In this study, ARMs were imparted to samples (subse- In contrast, ARM is highest for magnetic grains in the size range between the SPM boundary and 0.1/•m, above which ARM declines logarithmically, and is thus relatively insensitive to changes in grain size throughout the 1 -100 /•m range [Maher, 1988] . Ultrafine magnetic particles which are marginally smaller than the 0.03 /•m SPM threshold grain size are incapable of retaining a remanem magnetization like ARM, but exhibit extremely high MS values. The presence of these so-called "viscous" SPM grains in the magnetic mineral fractions of sediments will exert a disproportionately strong influence on their bulk MS values, thus complicating the interpretation of MS/ARM variations [King et al., 1982] .
In such circumstances, consideration of mterremanence quotients like ARM/IRM (isothermal remanence), which are not influenced by viscous-SPM effects, may be required in order to assess trends in grain size among the stable (nonviscous) magnetic mineral particles in the sediment.
Coarse Fraction Composition
In two of the BOFS cores, 5K and 8K, the relative abundance of lithic fragments and whole specimens of leftcoiling Neogloboquadrina pachyderma were estim_ated in samples taken at 2-cm intervals. Grain counts were made in subsamples which contained at least 300 whole foraminifera specimens separated from the > 150 tan fraction.
After dispersion in distilled water, bulk samples were wetsieved through a 150-ttm screen, and the residues washed, then oven dried at 60øC and weighed (to 0.001 g). Coarse fractions were subsampled using a Softtest CL-242A > 150-ttm sample divider, with the splitting procedure repeated until a subsample containing _>300 foraminifera specimens was obtained. These were examined under a binocular microscope, and the numbers of lithic grains relative to whole, or nearly whole foraminifera and foraminiferal fragments were counted (no biogenic silica grains were observed in the coarse fractions of either of these cores). The lithic fragment abundance (LFA) percentage was obtained by the relation:
LFA% = LF/(LF + WF + FF/4) x 100
where LF is the number of lithic fragments, WF is the number of whole foraminifera, and FF is the number of foraminiferal fragments (4 is a fragmentation factor: i.e., -•4 foraminiferal fragments equate with one in tact foraminiferal test). In addition, 16 species of planktonic foraminifera were identified and counted, of which the relative abundance of N. pachyderma (sin), expressed as a percentage of the total number of whole foraminifera, is reproduced here to indicate intervals of the cores characterised by a polar planktonic foraminiferal fauna which is dominated by this species [Kipp, 1976; Mcintyre et al. 1976 ].
Carbonate Content
Carbonate content data are available for most of the cores .used in this study [Weaver, 1983; Kidd et al., 1983; Robinson, 1986b; Manighetti, 1993 [1983] . These were obtained by N.J. Shackleton from specimens of the planktonic foraminifera Globigerina bulloides, taken at 10-cm intervals.
Results
The results of this study fall into three distinct categories. First, we present the magnetic susceptibility records of our cores, with supporting stratigraphic data where relevant, and establish correlations among and between groups of cores taken in regions from within, and to the south and north, of the belt of high IRD input in the NE Atlantic, as defined by Ruddiman [1977a, b] . Second, we examine more closely the basis of the apparent relationship between variations in the MS signal and IRD content of NE Atlantic sediments, using both sedimentological and rock magnetic techniques applied to selected cores. Although the whole-core volume-MS (K) records of the King's Trough Flank gravity cores have been described in previous studies [Robinson, 1986a [Robinson, , 1990 , the X data shown in Figure 2 appear in published form for the first time here.
The essential difference between the whole-core K and discrete-sample X records of these cores is the higher signalto-noise ratios of the latter, thus revealing more precisely the low-amplitude, yet statistically significant variation in MS within carbonate-rich interglacial intervals of the cores. Such variations appear to covary directly with paleoclimatic oscillations as indicated by the isotopic stratigraphy of the cores (i.e., •180 substages 5a to 5e). Correlation lines in The correlation first suggested by Robinson [1990] , between MS peaks in the King's Trough Flank cores and regional ice-rafting events identified by Heinrich [1988] in core Me69-17, and other cores from the Dreizack Seamount region (Figure 1) , is shown in Figure 3 Before attempting such a reconstruction, however, we must first establish that there is a rational basis, both sedimentological and rock-magnetic, for using the MS signal of NE Atlantic deep-sea sediments as a proxy for their IRD content. AS we noted earlier, for assemblages of magnetic mineral particles in sediments which are larger than the threshold size for superpara_magnetic (SPM) behavior (---0.03 /,tm for magnetite, or 0.08/zm for titanomagnetite [Dunlop, 1981] ), ARM and MS covary inversely as a function of grain size [Dankers, 1978; Maher, 1988 
Rock-Magnetic Basis for a MS-IRD Linkage Inside the Zone of High IRD Input
The whole-core MS profile of core D9812 parallels closely that of core BOFS-5K (Figure 4 In the case of core D9812 (Figure 10 ), essentially thesame relationships can be seen to exist between bulk sediment MS (X), MS/ARM (X/XARM), and MS expressed on a carbonate-free basis (MScFB, note the change in scale between the plots of bulk sediment MS and MScFB) as were shown to exist above (Figures 8 and 9) the procedure of extrapolating the SPECMAP timescale, as outlined above. Therefore, any other significant responses observed in these spectra must be real, and not an artifact of age model error. The prominent 13-kyr period which can be seen clearly in each of the three spectra of the rock-magnetic parameters, and which is absent from that of the SPECMAP/•80 stack, must therefore correspond to a significant high-frequency component of variance in fernmagnetic concentration and grain size. Each of the three spectra in Figure 11 are cut off at a frequency of 0.1 cycles/kyr because there are no significant peaks in variance density in these records which occur at frequencies higher than this. Thus the 13-kyr signal probably corresponds to the high-frequency IRD events in core S8-79-4. However, the fact that this signal does not vary at a period corresponding to a precessional half-cycle (or first harmonic), as suggested by Heinrich [1988] , nor at a period of about 7 kyr, as suggested recently by MacAyeal [ 1993a, b], is not significant in this instance. This is because the record of core S8-79-4 is short, and IRD event H3 is absent from this core (and from all the King's Trough Flank cores). Also, two further Heinrich events are missing from this core, namely H7 and H9, though these also were not manifested by a significant response in %IRD sand in Heinrich's own cores (e.g., Me69-17, Figure 3) . Naturally, the absence of one or more IRD pulses from a record as short as this will significantly affect the apparent periodicity of the IRD events which are present.
In the spectrum of MSc•, the 100 kyr, orbital eccentricity-related signal is absent because this component of variance in bulk MS is largely contributed by oscillations in carbonate content of the sediment which are partly driven by 1RD4ilution effects. The 63 kyr period in 'the MScv• spectrum may represent a combination tone between a primary orbital response in this time series (e.g., the 23-kyr precessional cycle) and the 13-kyr non-Milankovitch cycle, since there is no coherency with the SPECMAP stack at this frequency. There is an 80 % significant peak in coherency with the SPECMAP stack at the 41 kyr orbital obliquity period, where the cycle in MScv• is 180 ø phase-shifted (antiparallel) relative to the SPECMAP stack. However, a combination tone of the 23-and 13-kyr cycles, as seen in the MScv• spectrum, would occur at a period of 40.7 kyr, which may account for the coherency with the SPECMAP stack at this near-orbital frequency. For frequencies in the Milankovitch band, therefore, it appears that variations in ferrimagnetic concentration and grain size related to IRD deposition respond chiefly to eccemricity-modulated precessional forcing. However, there is also a significant highfrequency componem of variance in these magnetic properties which occurs at the non-Milankovitch period of 13 kyr.
LGM Table 1 , and accompanying text above). In common with the CLI-MAP study by Mcintyre et al. [ 1976] , the maps published by Zimmerman [ 1982] covered an area between latitude 5 øS and 70øN, and longitude 20øE and 85øW, based on 88 sample sites. The sample density within this region, however, is rather inconsistent. We have therefore selected a smaller NE Atlantic region within which sample density is more uniform and relatively high (Figure 1) , especially when our additional core data are added to those from the Zimmerman sample pairs. It should also be noted that the interpolation of isolines in Figure 12 is guided by data from sample sites beyond the limits of the area shown in this map, or listed in Table 1 above. Within the area shown in Figure 12 , our LGM reconstruction is based on a larger number of sample sites than any other study of a similar kind referred to in this paper. It is very important to note that, when using MS data as a proxy to map variations in the IRD content of deep-sea sediments, it is only valid to use ratios of MS values for a given time slice horizon (e.g., the LGM), normalised by the MS value for some other reference horizon (e.g., the present day). Maps showing the variation in MS of deep-sea sediments for the present day and the LGM separately [Robinson 1986b ], though displaying some trends which relate to oceanographic variables, are complicated by the influence of major sources of magnetic mineral input, such as in volcanic terrains, which dominate the distribution of isolines in both time-slice reconstructions. A CLIMAP-style MS anomaly map for the LGM, based on the absolute difference in MS values between the present day and the LGM, will not entirely eradicate this problem. This is because the anomaly value being mapped is X, a mass-specific (concentration dependent) parameter. Sites affected by volcanic contributions to the sediment (directly or via ice-rafting, or both) may exhibit a large difference in MS values of the sediment between the present-day and the LGM. However, the ratio of these values may not be significantly different to that of sites in the same region (i.e., with similar rates of IRD deposition) which are not affected by volcanic input, and which thus have much lower LGM and present-day MS values, and a correspondingly lower difference, in absolute terms, between these values. This problem is most simply obviated by plotting the distribution of MSTiME SLIce/MSReF•Re•Ce HORIZON ratios, which reflect only the changes in MS values of the sediment between each time slice which are due changes in oceanographic and/or atmospheric processes of sediment dispersal. Another impormant attribute of this approach is that it allows us to combine whole-core volume MS (g) data with discretesample specific MS 04) data, provided that the same kind of data are available for both time-slice horizons at each site.
It is invalid to mix whole-core •c data with X data from dried, powdered samples, unless the wet volume to dry sediment weight relationship of the samples is known.
The range of variation in LGM/Holocene MS-ratios mapped in Figure 12 (< 1 to > 6) is clearly much smaller than the range associated with the transects in Figure 6 As with our MS-ratio map, we have not taken into account the effects of lower sea levels or permanent pack-ice cover on the surface current patterns. The patterns of iceberg distribution reflect the surface current regime of the warm spring/summer seasons of the LGM. This is when sea surface temperature and thus melting of icebergs is at a maximum [Dowdeswell and Murray, 1990] , and the extent of seasonal pack-ice cover is minimal. The deposition of IRD is therefore most ubiquitous at this time of year. It should also be noted, of course, that the surface currents occupy broad belts, separated by convergence zones, rather than linear flow trajectories as depicted m this simplified reconstruction. LGM/Holocene MS-ratios. Our data density in the crucial region between 47øN and 57øN, and east of 20øW, is better than that of Ruddiman, or of any other study cited above. We are therefore reasonably confident in our above interpretation (Figure 13 ) of the pattern of LGM/Holocene MSratios shown in Figure 12 , which depicts a north-flowing current in the NE Atlantic carrying large numbers of icebergs derived from a variety of sources, most or all of which melt prior to reaching the Iceland Basin.
Summary of Conclusions
The MS signal of North Atlantic deep-sea sediments is frequently modulated by orbital-climatic forcing because of the well-established linkage in this region between changes in sediment composition and paleoclimate, via the mechanisms of biogenic carbonate productivity variations and dilution of the biogenic fraction by terrigenous detritus (also carbonate dissolution below the lysocline). Ice-rafting is by far the most important mechanism for delivering terrigenous detritus to pelagic regions north of 40øN during the Pleistocene, and the bulk of the ferrimagnetic fraction of deep-sea sedimems of this region is of terrigenous detrital, hightemperature origin. Other magnetic components, if present, contribute very little to the MS signal of the bulk sediment.
However, in the NE Atlantic at least, the apparent relationship between variations in the MS signal and lithological composition of deep-sea sediments is not merely a function of simple, carbonate-dilution effects. There is also a more fundamental linkage between the MS signal and the IRD content of the sediment. Changes in the provenance and accumulation rates of IRD in the sediment effect changes in the concentration and grain size of ferrim•.gnetic components within the lithogenic fraction. In particular, layers rich in ice-rafted terrigenous sand within glacial horizons of cores from this region are characterized by a significant increase in the concentration and relative proportion of coarse grained (multidomain) ferrimagnetic particles (to which MS is particularly sensitive), relative to the ambiem sediment of glacial horizons. This is because ice-rafting is the only mechanism capable of transporting sand-sized terrigenous detritus to pelagic environmeres, and IRD sand has a high potential for preserving coarse ferrimagnetic grains as components of polycrystalline fragments of basic igneous rocks or their sedimentary derivatives.
Glacial-interglacial variations in the background level of the MS signal of NE Atlantic sediments are driven by changes in carbonate productivity and dilution (rn•inly by IRD) in response to 100 kyr, orbital eccentricity, and subsidiary 23 kyr precessional clim•.tic forcing. However, individual peaks in MS within glacial horizons of cores from this area correlate with high-frequency ice-rafting episodes termed "Heinrich events" by Broecker et al. [1992] . In the cores analysed in this study, these high-frequency IRD pulses appear to exhibit a non-orbital periodicity of around 13 kyr (possibly because the record we analysed was short and at least one Heinrich IRD event was absent). In the NE Atlantic region between 45 ø and 53øN, Heinrich 
